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Mo.C2. 3 2 as the adaptation of lightpaths through appropriate spectrum allocation (SA) in a response to bandwidth variation, in particular, expansion/reduction of the spectrum when the required bit rate of a demand increases/decreases [4] .
The contributions of STRONGEST project [5] in flexgrid networks are multifold: 1. In the context of dynamic scenarios, where a RSA algorithm is specially designed to cope with the large amount of frequency slots foreseen in future flexgrid optical networks is proposed. The optimal frequency slot width is analyzed as a function of the traffic profile (TP) to be served by the optical network under consideration. 2. In multilayer IP/MPLS-over-Flexgrid, the CAPEX needed to deploy a multilayer architecture is analyzed for a number of candidate slot widths. It is clear that finer grids will allow for more efficient spectrum utilization, and as a result, favor grooming data directly at the optical layer instead of requiring costly IP/MPLS equipment for such functionality. Thus, given the fact that the network CAPEX, that is, those costs related to purchasing and installing fixed infrastructures, is a figure network operators are always striving to reduce, the introduction of flexgrid technology is of paramount importance for future multi-layer networks. However, it must be noted that while reducing the need for grooming at the IP/MPLS layer, this more advanced optical technology will also imply higher costs at the optical layer given the highly demanding (grid-dependent) filtering characteristics that BV-WSSs are required to have. Due to the fact that exact costs for such components are still not available, we considered a relative cost value so as to effectively determine which frequency grid will better address network operator's needs for cost-effective, spectrum-efficient network architectures [6] . 3. In variable traffic scenarios, where the use of OFDM to add elasticity allows flexgrid optical networks to accommodate higher amounts of traffic. In this context, three schemes for variable SA are defined and their performance compared assuming a multi-hour traffic profile [7] .
Next Sections detail the above studies and provide the obtained results. All the studies started modeling each problem as Mixed Integer Linear Problems (MILP) using the using the formulation proposed in [8] . Next, heuristic algorithms were developed to obtain near-optimal solutions and validated against the optimal values obtaining solving the MILP models for small instances.
FLEXGRID vs. FIXED-GRID
The influence of the flexgrid slot width on the performance of the network has been studied and Routing and Spectrum Allocation (RSA) algorithms have been developed. Simulation experiments were carried out using those algorithms considering the evolution in the expected bandwidth necessities for the years to come, where the bit rate demanded by each connection request is 10, 40, 100 or 400Gb/s.
Results clearly shown that as soon as the frequency slot width is reduced, the amount of traffic served for a given blocking probability (Pb) notably increases. This is a consequence of the fact that more efficient spectrum utilization is achieved by reducing the slot width for this traffic profile. Table 1summarizes gains in terms of total transported bandwidth at Pb = 1% when the width of the used slots is reduced, with respect to using the DWDM fixed 50 GHz width. At shown, increments of 5 times can be obtained using the 6.25 GHz grid, when the traffic to be transported has low average bit rate. In addition, reducing slot width improves the obtained performance. When, the on average bit rate increases the gains are not as high as before, although allow for increments higher than 2 times w.r.t the DWDM technology. However, the benefits of using extremely narrow slot widths disappear. The reasons for that are: on the one hand, the effect of the more efficient spectrum utilization obtained for low onaverage bit rate traffic is gradually reduced and on the other hand, spectrum fragmentation increases as a consequence of requesting connections for a larger amount of frequency slots. In view of the effects of spectrum fragmentation, new strategies for spectrum reallocation have been devised. The performance gains obtained show an improvement in the range of 20% to 35%. Therefore, the slot width used in a given flexgrid optical network should be selected on the basis of the traffic to be served by that network. Since that traffic is as a consequence of client layer connection requests, the CAPEX costs needed to deploy a multi-layer IP/MPLS-over-Flexgrid architecture need to be also analyzed.
MULTI-LAYER IP/MPLS-OVER-FLEXGRID
It is clear that finer grids will allow for more efficient spectrum utilization, and as a result, favor grooming data directly at the optical layer instead of requiring costly IP/MPLS equipment for such functionality. Thus, given the fact that the network CAPEX is a figure network operators are always striving to reduce, the introduction of flexgrid technology is of paramount importance for future multi-layer networks. However, it must be noted that while reducing the need for grooming at the IP/MPLS layer, this more advanced optical technology will also imply higher costs at the optical layer given the highly demanding (grid-dependent) filtering characteristics that BV-WSSs are required to have. Table 2reports the average number and bitrate of the installed BV-Ts, and the average reduction in both IP/MPLS node switching capacity and actual amount of traffic switched (flow switched) compared with the 50GHz grid. As expected, these values are strongly dependent on both the frequency grid and on-average bit rate traffic evaluated. As long as the on-average bit rate analyzed allows for it, the use of finer frequency grids entails a higher number of BV-Ts but with a considerably lower average bit-rate per BV-T, a fact which leads to lower switching capacity, and therefore, to cheaper IP/MPLS equipment. From a temporal perspective, an increment of 56.6% in the cost of BV-WSS can be assumed for a 6.25GHz grid for low on-average bit-rate traffic, decreasing to 37.7% and 14.4% when medium and high, respectively onaverage bit-rate traffic is considered. Then, as a result of the expected traffic evolution these investments will not be profitable.
Therefore, it can be concluded that investments in flexgrid optical networks using the 12.5 GHz, or even the 25 GHz grid, are cheaper in the short-term and more appropriated for medium and long-term scenarios.
ELASTIC SPECTRUM ALLOCATION
The introduction of the flexgrid technology opens new functionalities to be developed at the optical layer, such as the adaptation of lightpaths through appropriate Spectrum Allocation (SA) schemes in a response to bandwidth variations, in particular, expansion/reduction of the spectrum when the required bit rate of a demand increases/decreases, respectively.
Three schemes for time-varying SA that put some restrictions on the assigned CF and SA are being considered: a) in the Fixed SA both the assigned CF and SA do not change in time; b) in the Semi-elastic SA the assigned CF is fixed but the spectrum width may vary; c) in the Elastic SA both the assigned CF and the allocated spectra are flexibly selected at each time interval. Considering 1% as the target un-served bandwidth, increments in the order of 6.5% of offered load can be obtained by applying the Semi-Elastic SA scheme with respect to the Fixed SA one. This is as a consequence of the elasticity that adding/releasing operations add to the former. Interestingly, the Elastic SA scheme provides much higher increments (25%) to the traffic server by the Semi-Elastic SA one, as a result of not only provide elastic spectrum allocation, but also dynamically changing the CF of the lightpaths.
As a final remark regarding the above-defined SA schemes, the complexity of flexgrid operation increases when the flexibility degree is increased. Table 3 briefly summarizes each scheme. 
Semi-Elastic
• Control plane protocols to allow dynamically modify the allocated spectrum.
• Optical transponders and filters to on-demand increase/decrease the used spectrum.
6.44%

Elastic
• Control plane protocols to allow dynamically modifying the allocated spectrum and the CF.
• Optical filters to on-demand increase/decrease the used spectrum and modify the CF.
• Optical transponders to on-demand modify the CF and/or increase/decrease the used spectrum.
• Network management system to manage various demand changes in the network simultaneously.
24.78%
CONCLUDING REMARKS
In this paper the contributions in flexgrid networks performed in the framework of the STRONGEST project have been presented. The optimal frequency slot width was analyzed as a function of the traffic profile to be served by each of the optical networks under consideration. Interestingly, the narrowest slot width (6.25 GHz) provided the highest performance when the traffic profile requested to the network included high amount of low bit rate connection requests. However, when the relative weight of low bit rate (10 Gb/s) connection requests decreased with respect to the weight of high bit rate (> 100 Gb/s) connection requests, the effectiveness of the narrowest slot width was cancelled, providing then the same performance than that of 12.5 GHz.
Regarding the design of multilayer IP/MPLS-over-flexgrid networks, the cost implications that the frequency grid (slot width) has on this emerging multilayer network planning problem was analyzed through extensive numerical experiments. For the sake of a comprehensive study, a set of realistic network topologies, equipment costs, and traffic instances was considered.
The results showed that the benefits that can be achieved through the use of finer slot widths are strongly dependent on the actual TP under which the network is operating. Whilst investments in costly BV-WSS (finer grid) devices are very well motivated under traffic conditions reporting a high number of light bit-rate demands, which represent short-term traffic scenarios, do not seem profitable in the long-term, where a reduced number of higher bit-rate demands are expected. Consequently, both the 12.5 GHz and the 25 GHz slot widths are reported as potential candidates for the deployment of future multilayer networks based on flexgrid technology.
Finally, regarding time variable traffic, we investigated the performance of three spectrum allocation schemes. Obtained results show that the application of elastic spectrum allocation leads to a significant improvement in the network throughput with respect to fixed spectrum allocation when multi-hour traffic scenario are considered. Since bit rate increments provided by the Elastic SA scheme are in the range 16%-29%, research in suitable methods, including signaling protocols, to implement that SA scheme should be promoted.
